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Abstract 


The aim of this work was to explore the possibility of using nano PbO, in commercial type tubular lead-acid battery positive electrodes. In 
that prospect, nanosized aPbO, and BPbO, have been synthesized at room temperature by a low-cost solution technique involving the chemical 
oxidation of lead nitrate with ammonium persulfate in concentrated alkaline medium. Mini-tubular electrodes were then prepared using the same 
type of gauntlet as the one used in commercial tubular electrodes. We show that the capacity and the cycling stability of the tubular electrode highly 
depend on the sulfuric acid concentration in the electrolyte and on the lead dioxide surface area. A percentage of utilization higher than 45% of 
the active mass with an excellent cycling stability was obtained when our nano BPbO, was used as active material in a diluted H? SO; electrolyte. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


With quasi-monopolies on huge markets such as the automo- 
bile industry or the storage of renewable energies [1] lead-acid 
batteries are still today the most sold of the secondary batteries. 
This is mainly due to their low cost compared to the other tech- 
nologies. However, many people predict that in the long run the 
lead-acid battery is bound to disappear and will be completely 
replaced by rechargeable batteries with higher energy and power 
densities such as the Ni-MH or the Li-ion. To keep them compet- 
itive, it is therefore important to continue the research effort and 
to investigate new approaches to decrease their manufacturing 
cost even further. 

Several attempts have been made in the past to use chemically 
prepared PbO; in plates [2—4] or tubular [5] positive electrodes. 
The main advantage of such electrodes over the conventional 
ones is that the electrochemical formation of the electrodes can 
be completely suppressed since “precharged” batteries are con- 
structed directly. Although it has often been claimed in the litera- 
ture that the PbO? electrochemical activity is intrinsically lower 
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when it is prepared chemically instead of electrochemically [6], 
promising results were obtained in those various studies espe- 
cially when additives, such as graphite, were used [2-5]. 

It is well known that one way to increase the percentage of 
utilization of the PbO? in the positive electrode is to increase its 
surface area [7] and it has recently been reported by Morales et 
al. that percentage of utilization as high as 65% can be obtained 
with nanosized PbO [8]. This work clearly demonstrated the 
real interest of using nano PbO) as active material in the lead- 
acid battery positive electrode but its practical usefulness was 
however limited since the results were obtained on thin film 
electrodes with a thickness of 70 um or less, when the thickness 
of the commercial plates is of a few millimetres [9]. The nano 
PbO? powder was in that case synthesized from the hydrolysis 
of lead tetraacetate. Several other articles dealing with the chem- 
ical synthesis of nanosized or nanostructured PbO have been 
recently published. They show that it is possible to prepare PbO2 
with tailored morphologies such as: nanorods [10], nanobelts 
[11], hollow spheres [12] or macroporous nanostructured lead 
dioxide [13]. 

In this article, we report on the low-cost synthesis of 
nanosized a and BPbO? and their utilization in mini-tubular 
electrodes. The nano-lead dioxide was synthesized at room 
temperature from the chemical oxidation of lead nitrate with 
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ammonium persulfate in alkaline conditions by a solution tech- 
nique. For the electrochemistry part of this study, the goal was 
to develop a system that could, when fully optimized, be read- 
ily scaled up to be used in real size electrode. Therefore, we 
prepared small tubular electrodes with gauntlet cut from the 
gauntlet used in the commercial tubular plates. Our initial results 
presented here reveal that percentage of utilization of the lead 
dioxide approaching 45% can be achieved. 


2. Experimental 


The lead dioxide was prepared from the chemical oxidation of 
alead(I) precursor with ammonium persulfate in alkaline condi- 
tions. Unless specified otherwise, the lead precursor was lead(II) 
nitrate. At first, 100ml of sodium hydroxide at the desired 
concentration were prepared. Once transparent and cooled, the 
sodium hydroxide solution was split in half in two beakers, one 
for the lead precursor and one for the ammonium persulfate, 
and these two solutions were stirred separately for another hour. 
The ammonium persulfate solution was then poured slowly into 
the lead precursor solution and the new solution was stirred 
either 5h or overnight, in any case long enough to let the chem- 
ical reaction go to completion. Unless mentioned otherwise, the 
concentration of lead precursor in this final solution was 0.01 M 
and the concentration of ammonium persulfate 0.012 M. The 
small excess of ammonium persulfate was introduced to insure 
the full oxidation of the lead(II) precursor. At the end of the 
stirring period, the precipitate was filtered, washed with plenty 
of distilled water, dried in air at 60°C and finally ground with 
a pestle in an agate mortar. For the very high NaOH concen- 
tration the final filtering was difficult and a slightly different 
procedure had to be used after the overnight stirring of the 
lead precursor/NH4S20Og solution in order to increase the yield. 
The stirring was stopped to let the precipitate sit at the bot- 
tom of the beaker, the excess NaOH solution was discarded 
with a pipette, the precipitate was dried at 60°C, washed in 
250 ml of distilled water, filtered, dried again at 60°C and 
ground. 

In order to make a comparison with our powders we also 
synthesized some nano BPbO? using the method of Morales 
et al. [8] which simply consists in vigorously stirring 5g of 
lead(IV) acetate in 25 ml of distilled water for half an hour. This 
type of lead dioxide will be referred to as nPbO? in this article. 

The ammonium persulfate, lead(ID) nitrate, lead(II) perchlo- 
rate and lead(IV) acetate were all bought from Sigma-Aldrich, 
the lead(II) acetate came from Prolabo and the lead(IJ) nitrate 
was from Merck. All of them were used as received without any 
further treatment. 

Mini-tubular positive electrodes were then prepared with the 
nanosized PbO? as active material. A microporous polyethylene 
film was placed along the inside wall of the gauntlet to prevent 
our powder from dispersing into the electrolyte [5]. The gauntlet 
was filled with 400 mg (unless mentioned otherwise) of PbO2 
powder, without any mechanical pressure, and then with sulfuric 
acid at d= 1.03. The 2.5 cm high gauntlet was closed at the bot- 
tom by its cap and at the top by a piece of AGM separator. The 
cap at the bottom of the gauntlet was firmly held in place by the 
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Fig. 1. Picture and cross-section schematic of the mini-tubular electrode used 
in this study. 


current collector, a pure lead spine of the same diameter as the 
inside diameter of the cap. A thermoretractable tube was placed 
on the current collector just above the gauntlet to minimize the 
corrosion of the lead by the sulfuric acid during cycling. A pic- 
ture and a cross-section schematic of the mini-tubular electrode 
are presented in Fig. 1. 

The tubular electrode was cycled in a laboratory glass cell 
against a small conventional negative electrode cut from a 
commercial plate. The negative electrode active mass was in 
large excess compared to the positive electrode active mass. 
All the results presented in this article were obtained in gal- 
vanostatic mode at a current of +0.01 A (i.e. current density 
of 25mA g7! of PbO2). The cut-off voltage at the end of 
the discharge depended on the density of the sulfuric acid 
electrolyte: 2 V versus Pb°/PbSO, for d=1.28, 1.9V versus 
Pb°/PbSO,4 for d= 1.20, 1.8 V versus Pb°/PbSO,4 for d=1.12 
and 1.6 V versus Pb?/PbSO; for d= 1.03. In each case, this cor- 
responded to a voltage of about 100 mV below the discharge 
plateau. 

The percentage of utilization of the PbO2 was evaluated with 
respect to a 100% theoretical capacity of 224mAhg™!. 


3. Synthesis of the lead dioxide 


Morales et al. have shown recently that nanosized BPbO2 can 
be synthesized readily at room temperature from lead tetraac- 
etate and water [8]. However, we wanted to find another route 
to prepare our nano PbO? powder since lead tetraacetate is an 
expensive precursor. We were also interested in synthesizing 
nanosized «PbO? in addition to BPbO? since it has been reported 
that higher percentage of utilization of the PbO? in the positive 
electrode of the lead-acid battery are obtained when the a phase 
is used instead of the B phase [7]. As will be reported in this sec- 
tion, both of these goals were achieved when the lead dioxide 
was synthesized by the chemical oxidation of lead(II) precur- 
sors with ammonium persulfate in sodium hydroxide [14]. The 
details of the synthesis procedure are provided in Section 2. A 
comparison of the prices of the lead tetraacetate and of the pre- 
cursors we investigated is provided in Table 1. It is clear that the 
overall cost reduction for the synthesis of the nano PbO? is very 
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Table 1 

Prices of the different compounds used in this study (taken from Sigma—Aldrich) 
Compound Purity (%) Quantity (g) Price (€) 
Pb(CH3COO)4 >99.99 25 234 
Pb(NO3)2 >99 500 36 
Pb(C104)2-3H2O 98 500 170 
Pb(CH3COO)2:3H20 >99 500 36 
(NH4)2S20g >98 500 26 
NaOH >97 500 13 


significant even when the prices of ammonium persulfate and 
the sodium hydroxide are taken into account. 

Three types of divalent lead precursors were tested: lead 
nitrate Pb(NO3)2, lead perchlorate trihydrate Pb(C104)2-3H20 
and lead acetate trihydrate Pb(CH3COO)2-:3H20. For those 
three batches the concentration of the lead(II) precursor was 
0.005 M, the concentration of the ammonium persulfate 0.01 M 
and the concentration of the sodium hydroxide 1 M. The sodium 
hydroxide solution containing both the precursor and the oxidant 
was stirred for 5 h, stirring period at the end of which a black pre- 
cipitate is formed. In all three cases the black powder obtained 
after filtration and washing of the precipitate was pure aPbO2. 
This has been confirmed by X-ray diffraction (XRD), as shown 
in Fig. 2. 

Two chemical reactions are involved in the formation of the 
lead dioxide [10]. The first one is brought about by the sodium 
hydroxide and results in the transformation of the lead(II) pre- 
cursor into a lead hydroxide compound: 


PbX> +30H~ > Pb(OH)3~ + 2X7 (1) 


with X = (NO3) , (CH3COO)~ or (C104) 
The second reaction is the oxidoreduction reaction between 
the lead hydroxide and the persulfate anions according to: 


Pb(OH); + OH PbO. + 2e + 2HO (2a) 


S20 + 2e —— 250% (2b) 


Pb(OH)3 + SO% + OH «s PbO, + 280) + 2H20 (2c) 


The narrow widths of the XRD peaks on the three patterns 
presented in Fig. 2 indicate that the crystallites size of the aPbO2 
obtained are of macro-dimensions. The BET surface areas of 
two of the three PbO2 samples were measured and the results 
are presented in Table 2. As expected for macrosized powders, 


Table 2 
BET surface area our different PbO2 samples 


Compound (lead precursor, NaOH concentration) Surface area (m? g7!) 


aPbO, (perchlorate, 1 M) 0.95 
aPbO> (nitrate, 1 M) 1.72 
aPbO; (nitrate, 6 M) 0.64 
BPbO? (nitrate, 8 M) 26.43 
Positive active material from a commercial plate 4.31 
BPbO2 from Pb(CH3;COO)4 32.8 
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Fig. 2. XRD patterns of the macro wPbO2 powders obtained from the chemical 
oxidation of three different lead(II) precursors with ammonium persulfate in 
[NaOH] =1M. 


the surface area values obtained were rather low: respectively 
1.72 m* g7! and 0.95 m? g7! for the nitrate and the perchlorate 
precursors. 

The sodium hydroxide concentration in the solution was var- 
ied in order to change the nucleation and growth kinetics of the 
PbO) particles. Since aPbO2 can be synthesized successfully 
from the three precursors tested previously, we focused on the 
cheapest of the three, namely the lead nitrate. For all of this 
study on the influence of the NaOH concentration on the PbO 
crystallites size, only the NaOH concentration of the alkaline 
solution was changed and all the other parameters were kept 
constant. Hence the [Pb(NO3)2]/[(NH4)2S2Og] ratio was fixed 
at 5/6 with a lead nitrate concentration of 0.010 M and a ammo- 
nium persulfate concentration equal to 0.012 M. In all cases the 
solution containing both the lead nitrate and the oxidant was 
stirred overnight. 

Fig. 3 presents the XRD patterns of the powders obtained 
with sodium hydroxide concentrations lower than 1 M. A dif- 
ferent compound, which has been identified as PbSO4 by 
XRD, is formed at these low NaOH concentrations. The 
[PbSO4]/[aPbO2] ratio increases when the sodium hydroxide 
concentration decreases and at a sodium hydroxide concentra- 
tion of 0.05 M, the PbSOy, is almost pure. This result suggests 
that when the sodium hydroxide concentration is too low, 
reaction (1) does not take place. Since the lead hydroxide inter- 
mediate is not formed, reaction (2c) cannot occur either and 
there is no oxidoreduction reaction involving the lead cations, 
which remain in their 2+ valence state. 

The XRD patterns of the lead dioxide powders obtained with 
sodium hydroxide concentrations greater than | M are shown in 
Fig. 4. The aPbO2 XRD peaks clearly broaden when the NaOH 
concentration is increased, indicating that the crystallites size 
decreases. There is however no linear relation between the con- 
centration and the crystallites size since the breadth of the peak 
is approximately the same for all concentrations between 2M 
and 7M. Surprisingly, a few peaks characteristic of Pb(NO3)2 
can be seen on the XRD patterns of the samples synthesized at 
NaOH concentrations 2M and 3 M, and on these two patterns 


M. Bervas et al. / Journal of Power Sources 173 (2007) 570-577 573 


[NaOH] 


1M 
0.5M 
500- 
_ 4004 
5 0.2M 
& 300+ 
2 
@ 20] A 0.1M 
100- 
0, 0.05M 
20 25 30 35 40 
degrees (20) 


Fig. 3. XRD patterns of the precipitate obtained from the chemical oxidation of 
lead(II) nitrate with ammonium persulfate in [NaOH] <1 M. At these low sodium 
hydroxide concentrations lead sulfate in formed. 


only. We do not know at that point why part of the lead precursor 
remains unreacted at those two concentrations. 

As can be seen in Fig. 4, when the sodium hydroxide concen- 
tration is higher than 7 M, the lead dioxide formed is not aPbO2 
anymore but BPbO2. The powder obtained is brown, contrasting 
with the black colour of the aPbO2 powder. In the literature, it is 
usually accepted that the a allotropic phase of the lead dioxide 
is formed in alkaline conditions, while the B allotropic phase is 
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Fig. 4. XRD patterns of the lead dioxide powders obtained from the chemical 
oxidation of lead(ID nitrate with ammonium persulfate in [NaOH] >1M. Nano 
aPbO> is formed for NaOH concentrations between 2 M and 7 M, whereas nano 
BPbO? is obtained for [NaOH] >7 M. 


Fig. 5. TEM picture of the aPbO2 obtained from the chemical oxidation of 
lead(II) nitrate with ammonium persulfate in [NaOH]=6M. The scale bar is 
50nm. The particle size of the aPbO> is in the order of 20nm. This picture 
also shows the much agglomerated state of the particles, which explains the low 
surface area of this powder. 


formed in acidic conditions [15,16]. The results presented here 
show that the B phase can also be obtained in strong alkaline 
conditions. 

In Fig. 4, the peaks on the XRD patterns of PbO2 obtained 
with NaOH concentration greater than or equal to 2 M are very 
broad, as one would expect from nano-powders. BET surface 
area measurements were conducted on two of those batches, 
aPbO2 (NaOH 6M) and BPbO2 (NaOH 8M). The results are 
presented in Table 2. The very high surface area of the BPbO2 
sample (26.4 m? g7!) clearly indicates that this is indeed a nano 
PbO}. On the contrary the surface area of the aPbO3 is surpris- 
ingly low (0.64 m? g7!). Nonetheless the transmission electron 
microscope (TEM) picture of the «PbO presented in Fig. 5 
reveals that the particle size is in the order of 20 nm, thus clearly 
in the nano-range. The very low surface area of this material is 
therefore caused by its much-agglomerated state. The agglom- 
erates can be observed on the TEM picture presented in Fig. 5. 

These two lead dioxide powders, aPbO2 (NaOH 6M) and 
BPbO2 (NaOH 8M), were selected for the preparation of our 
tubular electrode and will be referred to as aPbO2 and bPbO?2 
thereafter. 


4. Preparation and activation of the tubular electrode 


After the filling up of the gauntlet with the lead dioxide and 
the diluted sulfuric acid, and before the actual utilization of our 
mini-tubular electrode as a positive electrode in an electrochem- 
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ical cell, several initial steps had to be performed in order to 
activate the electrode. After each of those steps, which will be 
described in this section, the electrode was briefly washed with 
distilled water. 

The first of those initial steps was the creation of a small cor- 
rosion layer at the interface between the current collector and 
the PbO? particles. This was carried out by a 20 min long poten- 
tiostatic oxidation of the electrode at 2 V versus a platinum grid 
counter electrode in a sulfuric acid (d= 1.03) electrolyte. Sim- 
ilar to what happens in conventional lead-acid battery positive 
electrode [17,18], it was found that the corrosion layer at the 
interface between the current collector and the active material 
is a key component of the electrode and is absolutely neces- 
sary to establish the electrical contact between its constituents. 
The small oxygen outgassing occurring during this potentio- 
static step may also have a positive impact on the structure of 
the active mass by increasing its porosity due to the evacuation 
of the small bubbles through the PbO? particles network. 

In most cases, a cell was then assembled with the tubular 
electrode and a small conventional negative electrode and left 
for 15h at open circuit voltage. As shown in Fig. 6, during the 
rest period the cell voltage increases progressively from its ini- 
tial value of about 1.7 V and eventually reaches a plateau. As 
expected, the voltage of this plateau depends on the electrolyte 
density: approximately 2.12 V versus Pb°/PbSO4 with H2SO4 
at d= 1.28, 2.05 V versus Pb°/PbSO4 with H2SO4 at d= 1.20, 
1.98 V versus Pb°/PbSO4 with H2SO4 at d= 1.12 and 1.88 V 
versus Pb°/PbSO4 with H2SOq at d= 1.03. Although the pres- 
ence of this plateau and its voltage value were very reproducible, 
the way this plateau was reached varied quite significantly from 
one sample to the other. Thus, in some cases the voltage of cell 
increases sharply during the first couple of hours before it enters 
the plateau (see curves a and d in Fig. 6) and in some others 
it increases very slowly and with different slopes, slopes that 
may even be negative by moments (curves b and d in Fig. 6). 
These noticeable differences from one electrode to the other 
were observed even when the same electrolyte was used (curves 
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Fig. 6. Evolution of the output voltage in different H2 SO, electrolytes of the cells 
constituted by the mini-tubular electrode at the anode and a piece of conventional 
negative plate at the cathode during the 15 h rest period implemented during the 
preparation of the mini-tubular electrodes. 


a and b in Fig. 6). The voltage increase is clearly caused by the 
progressive diffusion of the acid from the electrolyte to the core 
of the gauntlet. When the concentration gradient between the 
acid in the active mass porosity and the one in the electrolyte 
has been balanced, the diffusion stops and the system enters a 
steady state which causes the voltage plateau on the E(t) curve. 
The time needed to reach this steady state varies from one sam- 
ple to the other, reflecting the differences in their porosity and 
PbO} particles percolation paths. Those differences in the active 
material macrostructure are not surprising since we did not apply 
any mechanical pressure when the PbO? was introduced in the 
gauntlet; its degree of compression cannot therefore be exactly 
the same each time. The discrepancies observed from one sample 
to the other during the 15 h rest period could not be linked to any 
noticeable difference in the electrochemical performances of the 
final electrodes. We decided to implement this 15h rest period 
step during the preparation of our tubular electrode to monitor 
the output voltage of the cell and also in an effort to enhance the 
reproducibility of our experiments. It turned out that this step 
was not essential and that, unlike the first step (formation of the 
corrosion layer) or the last one (curing of the electrode), it could 
be skipped without affecting the final performances. 

The final step in the preparation of our mini-tubular electrode 
was to leave it for one entire day in an oven at 60°C, in air. This 
drying step was essential for the activation of the electrode and 
this is demonstrated in Fig. 7. This figure represents the percent- 
age of utilization of the active material (bPbO2) during the first 
20 cycles. To clearly illustrate the impact of the 1-day drying 
period on the performances of the electrode the drying in this 
particular case was not carried out before the first cycle but after 
the tenth one. Hence before the drying at 60°C the percentage 
of utilization of the PbO2 approaches zero but it immediately 
reaches a value between 15% and 20% afterward, value which 
is usual in this electrolyte (H2SO4 d= 1.28) as will be discussed 
later. Obviously, this drying step can be compared to the cur- 
ing process undergone by the traditional lead-acid battery plates 
during their manufacturing. The process that occurs in our elec- 
trode during this drying step is most likely of the same nature as 
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Fig. 7. Percentage of utilization of the bPbO> in the tubular electrode as a func- 
tion of the cycle number in H2SO4 d= 1.28 before and after the 1-day drying at 
60°C. 
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the one that occurs during the curing of the commercial plates, 
which is the improvement of the current collector/active mass 
contact via the oxidation of the metallic lead [18,19]. 

After this last preparation step, a cell constituted of our tubu- 
lar electrode at the anode and a small conventional negative plate 
at the cathode was assembled. It was left for 5 h at open circuit, 
and the cycling was started. 


5. Cycling of the tubular electrode 


Fig. 8 presents the evolution of the percentage of utilization of 
PbO? during the first 15 cycles of four mini-tubular electrodes 
prepared with different types of lead dioxide: aPbO2, bPbOz, 
nPbO>? and positive active material (PAM) extracted from a com- 
mercial plate and hand grounded. The aPbO2, bPbO2, nPbO2 
samples were synthesized according to the methods described 
previously. These electrodes were all cycled in H2SOq at a den- 
sity of d=1.03. In each case the cycling was started with a 
discharge and the charge was performed galvanostatically for 
3h at a current of 10 mA. In good agreement with the results of 
other groups [7,8], this figure indicates that the specific capacity 
of the lead dioxide is highly dependent on its surface area (cf. 
Table 2 for the surface area values). Hence the aPbO2 sample, 
which is composed of nano-particles but has a very low surface 
area because those particles are agglomerated, does not even 
reach the 5% of utilization. On the contrary, the two powders 
with high surface areas have percentage of utilization close to 
20%. Two other interesting observations can be made from this 
graph. The first one is that, in spite of its slightly lower sur- 
face area, the bPbO2 synthesized with the cheap lead(ID) nitrate 
precursor exhibits almost the same percentage of utilization as 
the nPbO? prepared from the costly lead tetraacetate precursor. 
The second one is that, when they are used under similar condi- 
tions, the specific capacity of a chemically prepared nano PbO2 
significantly exceeds the specific capacity of the PAM used in 
conventional plates, which confirms the results of Morales et al. 
[8]. 

The percentage of utilization exhibited by the PAM in our 
mini-tubular electrode is very low compared to its usual value 
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Fig. 8. Percentage of utilization of the PbO? in the tubular electrode as a function 
of the cycle number in H2SO4 d= 1.03 for four different types of lead dioxide 
with different surface area. 
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Fig. 9. Percentage of utilization of the bPbO2 in the tubular electrode as a 
function of the cycle number in four H2SO4 electrolytes at different densities. 


in conventional plates. This is a due to the destruction of its 
macrostructure when the PAM was ground prior to its intro- 
duction in the gauntlet. In its non-ground state the percentage 
of utilization of PAM varies between 50% and 58% (at a 20h 
discharge rate). 

The capacity and the cycling stability of the lead dioxide 
in our mini-tubular electrode change drastically with the den- 
sity of the sulfuric acid in the electrolyte. This is illustrated in 
Fig. 9 that shows the percentage of utilization of the bPbO2 for 
the first 10 cycles in four electrolytes having different densities: 
d=1.03, 1.12, 1.20 and 1.28. For each of these four electrodes 
the cycling was started with a discharge and the charge lasted 3 h 
at a current of 10 mA. In the two concentrated sulfuric acid elec- 
trolytes, not only the electrochemical utilization of the bPbO2 
always remains relatively low, but the cycling stability is also 
very poor since at the end of the 10 cycles the percentage of 
utilization has already fallen below 5%. On the contrary the 
cycling stability in the more diluted sulfuric acid is excellent. 
The percentage of utilization of the PbO? is also rather good: 
about 20% for d= 1.03 and between 30% and 35% for d= 1.12. 
Since the positive electrode is small and contains only a lim- 
ited amount of active material, the most plausible explanation 
of this experimental observation is that when the sulfuric acid in 
the electrolyte is too concentrated the ratio [HSO47 ]/[PbO2] is 
too high and causes undesired phenomena, such as for instance 
some type of sulfate passivation layer, which are highly detri- 
mental to the electrode performances. The situation would be 
opposite at d= 1.03: this ratio would be too low and the number 
of HSO4~ available for the discharge reaction would be insuf- 
ficient to reach high percentage of utilization of the bPbO2. An 
acid density of 1.12 appears to be a good compromise to max- 
imize the capacity without affecting the cycling stability of the 
electrode. 

As can also be seen in Fig. 9 the first discharge capacity is 
very small for all the electrodes, independently of the electrolyte, 
and at least a couple of training cycles is needed. 

Figs. 10 and 11 present the percentage of utilization of bPbO2 
during discharge in two mini-tubular electrodes submitted to 
extended cycling. The first one was cycled in H2SO4 at d= 1.12 
and the second one in H2SO, at d=1.03. The electrode used 
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Fig. 10. Percentage of utilization of the bPbO2 in the tubular electrode and 
charge factor as a function of the cycle number in H2SO4 d= 1.12. The charge 
factor is defined as (discharge capacity/previous charge capacity). 


for Fig. 11 contained 600mg of bPbO> instead of the usual 
400 mg so the current density was slightly lower in that case 
(16.67 mA g~! instead of the usual 25 mA g~'), In both of them 
distilled water had to be added from time to time in the elec- 
trolyte to bring it back to its initial level. Since the charging 
time had to be adjusted several times during the cycle life we 
also show on the same graphs the evolution of the charge factor 
which is defined here as the ratio between the discharge capacity 
and the previous charge capacity. The important variations of the 
charge factor at the beginning of the cycle life in Fig. 11 (espe- 
cially between the cycle numbers 20 and 30) are experimental 
artifacts caused by an inappropriate programming and have no 
real physical significance. 

These two electrodes exhibit an excellent cycling stability. In 
H2S0; at d= 1.12 the percentage of utilization of the nano PbO2 
quickly stabilizes between 35% and 40% and stays at that level 
for the next 100 cycles or so. In the electrode cycled in H2SO4 
at d= 1.03 the percentage of utilization increases progressively 
from its initial value of about 15% to reach somewhere between 
45% and 50% where it stabilizes after about 150 cycles. In both 
cases, there was still no sign of capacity decay when this article 
was written. 
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Fig. 11. Percentage of utilization of the bPbO> in the tubular electrode and 


charge factor as a function of the cycle number in H2SO4 d= 1.03. The charge 
factor is defined as (discharge capacity/previous charge capacity). 


We saw previously that an acid density of 1.03 was too low 
and that due to the lack of HSO4™ anions in the vicinity of 
the electrode, much less of the lead dioxide could participate 
in the discharge reaction during the first cycles than in H2SO4 
d=1.12. From Fig. 11 we can see that actually during cycling 
more and more of the bPbO2 gets progressively involved in the 
discharge reaction and that the capacity eventually reaches a 
value higher than in H2SO4 d= 1.12. Higher percentage of uti- 
lization of the PbO would then be accessible when the active 
material becomes progressively active than when it is active 
early in the cycle life. These two different behaviours observed 
in Figs. 10 and 11 may also have something to do with the 
charge factor that was set on average at a lower value in the 
electrode cycled in H2SOy4 at d=1.03 (about 1.2) than in the 
one cycled in H2SOg4 at d= 1.12 (about 1.4) or with the slightly 
lower current density in the former (16.67 mA g~') than in the 
latter (25 mA g~!). More experiments would be needed to clarify 
these points. 

More importantly, these two figures show that excellent 
cycling stability and percentage of utilization close to the 50% 
usually obtained in the conventional electrochemically prepared 
electrodes can be achieved with tubular electrodes filled with 
chemically prepared nano PbO2. 

The charge and discharge voltage profiles, typical of the 
PbO, <> PbSO, reaction, for the 210th cycle of the electrode 
cycled in H2SO4 d= 1.03 are presented in Fig. 12. The discharge 
plateau is particularly flat, which is very interesting for practical 
applications. 

According to Pavlov et al. it is the presence of hydrated gel 
zones within the PbO? particles of the conventional lead-acid 
battery positive plates that make them electrochemically active 
[20,21]. Moreover, still according to those authors, these gel 
zones would exchange ions with the electrolyte, thus making 
the PbO2 particle an open system and accelerating the reduc- 
tion of PbO? during discharge [22]. Since we have prepared our 
nano PbO) using concentrated NaOH, it is possible that we have 
obtained by a chemical method PbO} particles with a gel—crystal 
structure, similar to the one obtained by electrochemical forma- 
tion of PAM, and that it is this structure that is responsible for 
the electrochemical activity of the chemically obtained PbO2. 
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Fig. 12. Charge and discharge voltage profiles of the bPbO2 during the 210th 
cycle of the electrode used for Fig. 11. 
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6. Conclusion 


We have synthesized nano a and BPbO? at room temperature 
from the chemical oxidation of lead(I]) nitrate with ammonium 
persulfate in strong alkaline conditions. The nano BPbO? that is 
formed in very alkaline conditions exhibits a very high surface 
area of 26.4 m? g~!, making it a particularly attractive lead-acid 
battery positive electrode active material. This is not the case of 
the nano aPbO; that has a very low surface area due to its much 
agglomerated state. 

More importantly, this synthesis work shows that it is pos- 
sible to prepare nano PbO? from lead nitrate, which is a much 
cheaper lead precursor than lead tetraacetate. To the best of our 
knowledge, this is also the first time that it is demonstrated that 
BPbO> can be formed in alkaline conditions. 

Mini-tubular electrodes have been constructed using small 
gauntlets of the type used in commercial tubular electrode. It 
was found that the electrochemical performances of the mini- 
tubular electrodes were highly dependent on the surface area 
of the lead dioxide used as active material and on the sulfuric 
acid concentration in the electrolyte. In this tubular electrode 
configuration the nano PbO> clearly outperforms the positive 
active material extracted from a commercial positive plate and 
percentage of utilization of the positive active material higher 
than 45% with excellent cycling stability has been achieved with 
our nano BPbO> in diluted H2SO4. 

Since these mini-tubular electrodes could quite easily be 
scaled up to real size electrode, these results indicate that 
it should be possible to assemble precharged lead-acid bat- 
tery positive electrodes with good performances using nano 
PbO, as active material. Nevertheless it was found that some 
activation of the electrodes is needed and that the curing 


and formation of the corrosion layer cannot be completely 
suppressed. 
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